INTRODUCTION
============

Although kidney transplantation is recognized as the best treatment option for most patients with end-stage renal disease (ESRD) to improve both life expectancy and quality of life, it remains a complex treatment option for the nearly 200 000 patients living with a functioning graft in the United States.^[@R1]^ Among the many challenges faced by patients and providers after kidney transplantation is the burden of hospital readmission. Around 30% of kidney transplant (kTx) patients are readmitted within the first 30 days after discharge from the hospital posttransplant,^[@R2]-[@R5]^ a substantially higher rate than for patients undergoing other surgeries (4%--15%).^[@R6]^ Early hospital admission among kTx recipients is associated with a 2-fold increase in graft failure, 3-fold increase in further readmissions, and 50%--75% increase in patient mortality.^[@R7],[@R8]^ Furthermore, posttransplant admissions are costly (average cost, \>\$10 000), representing 20% of all Medicare payments for transplantation.^[@R2],[@R9]^ Moreover, research suggests that up to 50% of these readmissions could be preventable^[@R10]-[@R12]^ and early intervention post discharge in ESRD patients demonstrated their efficacy in reducing early readmission.^[@R13]^ Thus, reliable tools to predict hospital readmission after kidney transplantation are needed.

Although several studies have identified important risk factors for hospitalization following kidney transplantation, including demographic,^[@R2]^ socioeconomic,^[@R14]-[@R17]^ clinical,^[@R2],[@R8],[@R18]-[@R20]^ transplant surgery, and utilization factors,^[@R21],[@R22]^ few studies have tried to predict posttransplant readmission, and the ones that did reported a low accuracy (c-statistics between 0.63 and 0.71).^[@R2],[@R7],[@R19]^ One potential explanation of this poor accuracy is the variability in the causes and timing of readmission. Indeed, rejection-related or surgical complication--related readmissions have a higher incidence early posttransplant, while infections and other comorbidities-related readmissions are the most prevalent causes of readmission later posttransplant.^[@R10],[@R23]^ Finally, most studies examined the risk of first readmission posttransplantation, although an important group of transplant recipients experience multiple readmissions posttransplantation. We hypothesized that a better understanding of the risk factors of kTx readmission and how their respective importance vary over time may inform interventions to identify transplant recipients at high risk for posttransplant hospitalization target recipients at highest risk of readmission for targeted interventions.

The aim of this observational, retrospective study was to compare the importance of various risk factors in predicting posttransplant readmission among kTx recipients based on the timing of readmission (first 30 days post discharge vs 31--90 days vs 91--365 days) and number of readmissions (first readmission vs subsequent).

MATERIALS AND METHODS
=====================

Study Population
----------------

We obtained data from the United States renal data system (USRDS) database and considered inclusion of all patients in the United States who received a first kTx after the age of 18 years from January 1, 2005 to December 31, 2014 (N = 137 510) in order to have at least a 1 year of follow-up (through December 31, 2015) for hospital readmission. The USRDS standard analytical files (SAF).PATIENTS, SAF.MEDEVID, SAF.WAITLIST_KI, SAF.TX, SAF.HOSPITAL, and SAF.DEATH were used. In order to capture pre- and posttransplant readmissions, we included only patients with Medicare as the primary payer at the time of transplant and at least 1 year prior to transplantation (N = 40 810). The flowchart of our study inclusion and exclusion criteria can be found in Figure [1](#F1){ref-type="fig"}.

![Inclusion and exclusion criteria of adult kTx recipients from the United States Renal Data System database, 2005--2014. kTx, kidney transplant; US, United States.](txd-5-e479-g001){#F1}

Study Variables
---------------

The main study outcome was readmission up to 1 year post discharge of kidney transplantation. All hospital readmissions within 1 year following discharge were extracted from the SAF HOSPITAL file.

Potential predictors extracted at the time of transplantation included ESRD-related risk factors (dialysis vintage, modality, etc.), recipients and donor demographics (age at transplant, race, ethnicity), recipient comorbidities, recipient socioeconomic factors (insurance), and transplant factors (cold ischemia type, number of mismatch). Overall, 30 variables were included in the first model studying factors associated with single versus multiple readmission and are presented in Table [1](#T1){ref-type="table"}. In the second model, all the 131 variables available were included in the model.

###### 

Recipients, donors, and transplants characteristics for first kidney transplant in the United States between 2005 and 2014, followed through 2015 by readmission status
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Statistical Analysis
--------------------

### Comparison of Readmitted Versus Nonreadmitted Patients During the First Year Postdischarge

Patient characteristics are presented as means and standard deviation for continuous variables and counts and percentages for categorical variables. We compared recipient, donor, and transplant characteristics between patients readmitted versus those never readmitted using χ^2^ tests for categorical variables and *t* tests for continuous variables. We performed 2 types of analysis. The aim of the first analysis was to compare factors associated with the risk of first versus subsequent readmission; the aim of the second analysis was to compare the predictors of early versus late readmission.

### Comparison of First Versus Subsequent Readmissions

In the first analysis, we used Prentice, Williams and Peterson Total time model to study the association of various predictors with first and multiple readmission. The Prentice, Williams and Peterson model is an extension of the Cox proportional Hazard model for noncensoring events. Indeed, since readmission is not a censoring event, this model allows for studying not only the first but also the subsequent readmissions occurring within the 1-year follow-up period.^[@R24]^ Given the low rate of missing data (\<2%), we performed a complete case analysis.

### Comparison of Early Versus Late Readmissions

In the second analysis, we built 3 predictive models with the outcome of hospital readmission within 1--30 days post discharge (Model 1), 31--90 days post discharge (Model 2), and 91--365 days post discharge (Model 3). We used the Random Forest model to predict readmission using all the selected variables from the SAF analytics files. We used 3-fold cross-validation to assess the validity of our model. Predictive accuracy was assessed by calculating the area under the receiver operating curve. Predictors were then categorized into 6 groups: recipient demographics, recipient medical, recipient socioeconomic status, donor demographic, donor medical, and transplant factors. In order to compare the contribution of each group of predictors over time, we summed the weight of each predictor by group.

Statistical analyses were performed using SAS, R and Python, and a *P*-value \< 0.05 was considered statistically significant.

RESULTS
=======

Comparison of Readmitted Versus Nonreadmitted Patients
------------------------------------------------------

Among 40 461 first-time kTx recipients included in our study, 12 985 (31.8%) were readmitted within 30 days post discharge, 25 444 (62.9%) were readmitted within 1 year post discharge, and 15 800 (39.0%) were readmitted more than once. Mean age of our population was 53.1 (SD 13.7) years old and included 62% male and 55.7% Caucasians. Table [1](#T1){ref-type="table"} describes the main recipient, donor, and transplant characteristics by readmission status. Overall, patients who were readmitted at any time during follow-up were older, had a higher prevalence of comorbidities (diabetes, obesity, congestive heart failure, cerebrovascular disease, and chronic obstructive pulmonary disease), and had a poorer functional status (needed partial or total assistance). African American race was associated with a higher prevalence of readmission and Asian race with a lower prevalence compared with patients who were not readmitted. Dialysis vintage and renal replacement therapy modality prior to transplant were also associated with a higher prevalence of readmission. Although hemodialysis (HD) was the most prevalent renal replacement therapy modality in all groups, the prevalence of HD was higher among readmitted patients while peritoneal dialysis and preemptive transplantation were more prevalent among nonreadmitted patients.

Comparison of First Versus Subsequent Readmissions
--------------------------------------------------

Among recipient characteristics, older age, female gender (hazard ratio \[HR\]: 1.07; 95% confidence intervals \[CI\], 1.05-1.10), diabetes (HR: 1.12; 95% CI, 1.08-1.17), congestive heart failure (HR: 1.11; 95% CI, 1.08-1.15), chronic obstructive pulmonary disease (HR: 1.08; 95% CI, 1.05-1.13), and low functional status were independently associated with both the first and subsequent posttransplant readmission (Table [2](#T2){ref-type="table"}). Asians had a constant lower risk of readmission when the risk of African American did not significantly differ from Caucasians (HR: 0.99; 95% CI, 0.96-1.02) for the first readmission and was slightly lower for the subsequent ones (HR: 0.97; 95% CI, 0.95-0.99) after adjusting for donors and transplant characteristics. Similarly, Hispanic ethnicity was consistently associated with a lower risk of readmission. Patients treated with home HD or peritoneal dialysis had a lower risk of readmission compared with patients on HD. Each additional year of dialysis treatment was associated with a 3.6% increased risk of readmission (HR: 1.04; 95% CI, 1.02-1.04). Preemptive transplantation was also independently associated with a lower risk of readmission for both first (HR: 0.94; 95% CI, 0.89-0.99) and subsequent readmissions (HR: 0.94; 95% CI, 0.89-0.99). Living (vs deceased) donor transplant was associated with a lower risk of subsequent readmission (HR: 0.95; 95% CI, 0.92-0.98) but was not significantly associated with the risk of first readmission. Receiving a transplant from an expanded donor criteria (vs standard criteria donor) was associated with an increased risk of readmission. Finally, higher HLA matching and receiving induction therapy were associated with a decreased risk of readmission, whereas longer length of stay at transplant admission and a high risk of cytomegalovirus infection were associated with an increased risk of readmission (Table [2](#T2){ref-type="table"}).

###### 

Adjusted hazard ratio of first and subsequent readmission post discharge in recipients of a first kidney transplantation in the United States between 2005 and 2014, followed through 2015 (N = 39 742)
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Figure [2](#F2){ref-type="fig"} compared the HR of first versus subsequent readmission. Overall, the association between recipient characteristics and posttransplant readmission was consistent between the first and subsequent readmissions. On the contrary, the association between donor characteristics and readmission was stronger with the first readmission than with the subsequent readmissions. The same was true with transplant characteristics although some characteristics such as length of stay at transplant admission remained strongly associated with subsequent readmission (HR = 1.17; 95% CI, 1.15-1.19).

![Comparison of adjusted hazard ratio of first vs subsequent readmission by groups of predictors (donor, recipient, and transplant factors). CMV, Cytomegalovirus.](txd-5-e479-g004){#F2}

Comparison of Early Versus Late Readmissions
--------------------------------------------

The predictive accuracy of our predictive models were 0.61 (0.60--0.63), 0.62 (0.61--0.64), and 0.63 (0.62--0.64) for models 1 (1--30 days), 2 (31--90 days), and 3 (91--365 days), respectively. The list of the predictors and their weights in each model is presented as a heat map in Figure S1 (**SDC**, <http://links.lww.com/TXD/A215>). After categorizing the predictors into the 6 groups, transplant factors remained the main predictive group for early and late readmission (all 3 models). However, the importance of transplant-related predictors decreased with time from 50% of the prediction at 30 days to 29% at 1 year. Recipients' medical factors were the main predictors accounting for 26%, 27%, and 29% of the prediction at 30, 90, and 365 days, respectively. Both recipients' demographics and socioeconomic factors accounted for 2.5% and 11%, respectively, of the prediction at 30 days (Model 1), their contribution to the prediction of later readmission (Model 3) increased to 7% and 14%, respectively. Donor demographics accounted for 5% to 10% of the prediction within the 3 models. Donor medical characteristics and socioeconomic factors remained relatively poor predictors of hospital readmission at all times (Figure [3](#F3){ref-type="fig"}).

![Respective contribution of the 6 groups of predictors or features (recipient demographics, recipient medical, recipient SES, donor demographic, donor medical, and transplant) to the prediction of readmission with time posttransplant. SES, socioeconomic status.](txd-5-e479-g005){#F3}

DISCUSSION
==========

This study confirms the high burden of hospital readmission in the year following kidney transplantation among adult kTx recipients and that predicting hospital readmission in this population remains challenging. The development of electronic medical records and innovative analytical methods allows the extraction of new potential predictors of readmission. This study underlines the need to carefully select potential risk factors in light of each specific study outcome since predictors' importance vary based on the timing of readmission and whether we consider the first versus the subsequent readmissions.

Indeed, readmission after surgery has been increasing over the last decade in the United States.^[@R25],[@R26]^ In general surgery, early hospital readmission rates vary by procedure and have been reported to be as high as 22% for some procedures.^[@R27]^ kTx recipients present with a high incidence of early hospital readmission, with previously reported incidence varying between 11%^[@R19]^ and 48%^[@R2]^ across transplant centers. In addition, a recent report from Canada did not find any improvement in the rate of readmission over the last decade among kTx recipients.^[@R28]^ Accordingly, we found that the national incidence of readmission within our study period was 31.8% within 30 days post discharge and 62.9% within the first year.

Moreover, posttransplant readmission is associated with graft failure, patient mortality, and medical expenditure.^[@R2],[@R7]-[@R9]^ Therefore, predicting posttransplant readmission is of great interest for both clinicians and healthcare institutions. In surgery in general, Kansagara et al^[@R3]^ reviewed 30 studies with readmission prediction models yielding fairly poor discriminatory abilities with c-statistics ranging within 0.50--0.60 and few above 0.70. Previously described large national cohorts of hundreds of thousands of patients undergoing heterogeneous surgeries using elaborate prediction models also yielded limited predictive accuracy.^[@R6],[@R29]^ What is most notable about these studies is that even with the size of the cohort and complexity of information available to predict readmissions at the time of discharge, researchers were unable to attain an adequate model predicting readmission. Although, prediction accuracy greatly improved after the inclusion of post discharge data, the use of such models in clinical practice might be limited especially when trying to prevent early readmission.

To date, studies on readmission among kTx recipients have mostly focused on risk factor identification. Important risk factors for hospitalization previously identified include demographic factors (older age and African American race),^[@R2]^ socioeconomic factors (lower education and Medicaid insurance),^[@R14],[@R15]^ clinical factors (high body mass index and various comorbidities), transplant surgery factors (longer length of stay, receipt of a deceased \[vs Living\] donor, older donor age, and surgical complications), utilization factors (pretransplant hospitalization),^[@R21],[@R22]^ and adherence to medication.^[@R30]^ However, only 1 study published a posttransplant-specific predictive model.^[@R19]^ In this study, Taber et al^[@R19]^ first designed a model including fixed pretransplant predictors and transplant characteristics that remained modestly predictive (area under the curve, 0.63; 95% CI, 0.58-0.69). The predictive accuracy significantly improved to 0.73; 95% CI, 0.67-0.79 after including posttransplant but predischarge dynamic factors such as the systolic blood pressure slope during transplant admission. Thus, the development of more accurate predictive models of readmission after kidney transplantation will likely require the collection and inclusion of more granular data found in electronic healthcare records than those usually available in transplant registries. These data include socioeconomic data (eg, familial support, transportation issues) not typically included in standard databases but could be found in clinical notes and data, such as labs values or vitals collected by healthcare institutions. The adoption of electronic health records in most healthcare institutions, the development of advanced analytical infrastructure able to manage and extract useful predictors from large structured and unstructured data such as clinical notes, and utilization of advanced machine learning techniques such as Natural Language Processing may enable the improvement of risk stratification for posttransplant readmission. Recently, Srinivas et al^[@R31]^ successfully applied this type of approach to the prediction of graft loss and mortality after kidney transplantation and reported high accuracies of their models of 0.87; 95% CI, 0.81-0.94 for 1-year graft loss and 0.84; 95% CI, 0.80-0.89 for 3-year mortality.^[@R31]^ However, the main improvement in the predictive accuracy was provided by the inclusion of predictors collected post discharge (up to 90 days for 1 y prediction and up to 365 days for 3 y predictions). To prevent readmission and specifically early readmission requires early prediction, ideally before hospital discharge to allow the implementation of preventive measures and remains an unmet need. Finally, the extraction of new predictors based on previously reported risk factors and clinical input of transplant experts is a complex and time-consuming process and may be difficult to generalize outside of a single institution. Our study provides valuable information for researchers by guiding the selection of potential risk factors based on the timing of readmission. Indeed, when building a predictive model for early readmission, researchers should focus on including features related to transplant characteristics while, for building a predictive model for late readmission, researchers should focus on including features related to patients' comorbidities and socioeconomic characteristics. This result is supported by the selection of 6 transplant-related predictors (transplant number, delayed graft function, induction type, systolic blood pressure, diastolic blood pressure, and transplant stay cost) out of 9 predictors included in the 30-day readmission predictive model previously published by Taber et al.^[@R19]^ Similarly, transplant factors also remain important predictors of late or subsequent readmission, recipients' clinical and socioeconomic characteristics predictive ability increases when looking at late readmission and do not vary when considering first or subsequent readmission. A potential explanation of these findings is the differential distribution of the causes of readmission over time. Indeed, surgical complications have been reported to be the first cause of early readmission after kidney transplantation accounting for 36% of all readmissions, followed by infection.^[@R2]^ This explains why transplant factors are major predictors of early readmission. Similarly, while the incidence of surgical complications and infections decreases with time after transplant, the share of hospitalizations related to recipient comorbidities or transplant rejection increases. It is thus not surprising to observe an increasing importance of recipients' pretransplant medical characteristics and recipients' socioeconomic status in the prediction of late readmission.

Our study has several limitations. This study is based on USRDS data and lacking important predictive factors that are not available in national databases as well as accurate collection of causes of readmissions. This explains the relatively low predictive accuracy of our model, similar to what has been previously reported in other studies. However, the aim of our study was not to build a better predictive model but to explore the respective contribution of various groups of predictors in order to guide the development of future predictive models based on more detailed databases or direct extraction from patients' electronic medical records. In addition, because we restricted our analyses to patients with Medicare claims data to obtain readmission dates, our results may not be generalizable to patients who do not have Medicare as the primary payer.

CONCLUSION
==========

Highly accurate predictive models of posttransplant readmission are needed to guide the implementation of targeted interventions aiming at reducing the burden of posttransplant readmission after kidney transplantation. However, accurate predictive models that could be applied at the time of discharge are lacking. Collection of more granular data from patients' electronic healthcare records, selected based on the type and timing of readmission they aim to predict, is needed in order to build more accurate models. With improvements in predictive capacity, these models could eventually be useful in clinical practice by allowing for risk stratification of patients at high risk for readmission who would benefit from interventions prior to discharge from transplant surgery.
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